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TECHNICAL NOTE NO. 1366

EFFECT CF CHANGING MANIFOLD PRE°SURE EXEAUST PRESSURE,AND VALVE TIMING
ON THE ATR CAPACITY AND COUTPUT OF A FOUR—STROKE ENGINE OPERATED
WITH INLET VALVES CF VARIOUS DIAMETERS AND LIFTS

By James C. Livengood and James V. D, Eppes
SUMMARY

- A-peries of tests has been made with a CFR engine to determine the
effect of inlet—valve capacity, inlet and exhaust pressure, end valve
timing on the volumetric efficiency at various speeds. Three combina-—
tions of inlet and exhaust pressures and seven valve—timing arrangements
were used. Special cylinder heads with different sizes of inlet valves
were provided. The engine was tested with the inlet valves operated at
different lifts. - o : Co ‘ : :

It was found that when the engine was operated with any one of the
combinations of inlet pressure, exhaust pressure, and valve timing, the
variation of volumetric efficiency resulting from changes in inlet—valve
gize and 1if't could be expressed as a function of the parameter ¢, de—
fined as follows:

piston epeed X piston area

g =

sound velocity X inlet—valvé"areé X average flow coeffioieﬁt

provided other design ratios and operating conditions were kept constant.
The average flow coefficient was determined from steady~flow tests of the
inlet valve and port and from the diagrem of valve opening against crank
angle. The inlet-valve area was taken as the area of a circle the di~
ameter of which was equal to the minimum diasmeter of contact between
valve and seat. Sound velocity was computed for air at inlet-mixture
temperature. i e T ' S

Closing the inlet valve late resulted in improved volumetric effi—

ciency when the engine wes operated at high velues of ¢ and reduced
volumetric efficiency at low values of this paremeter. '

<1
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Increasing the amount of valve overlap improved the volumetric effi—

‘exhanst pressure 1. This
inlet pressure

effect increased with decreasing values of ¢.

ciency when the englne was bpefated with,

Veriations of -volumetric elficiency resulting from changes in inlet
and exhaust pressure were found to be funct10n° of more than inlet and
exhaust pressure. :

 INTRODUCTICON

In refervence 1 the varisbles that affect the volumetric efficiency
of an internal-combustion englnew&re classlfied into two categories:

» l Operatlng cond tlons, such as revolutions pev mlnute, inlet and .
exheust pressures, operating temperatures, and so forth.

2. Designrfacﬁors, including.design-of cylinder, valves, inlet and
exhavst manifolds, valve timing, and so forth.

The investigation reported in reference 1 showed that for the par—
ticular inlet and exhaust pressures, valve timing, and temperatures used,
the effect of inlet-valve diameter, 1ift, and design on the volumetric
efficiency of an engine operated over a speed range could be summed up in
the following expressionl:

= £(¢)

The factor C,y was determined from steady-flow tests and the inlet—
valve Lift againet crank-angle relationships. ~ The method of determination
is described in reference 1 and 1s reproduced In appendix A for convenlernce.

" While the investigation of reference 1 showed good correlation of
results w1th1n the rahge of variables covered, it seemed desirable to ex—
tend the range of revolutions per minute to very low values and to in—
vestigate'*heeffectsof inlet and exhaust pressures and of valve tlming
upon the correlatlon. .

The objects of the tests reported herewith were:

1. To test the validity of the conclusions of reference 1 at inlet.
pressures and exhaust pressures other than those used in that work. .

Yhe gymbols and definitions of terms used in this report appear in
appendix B,
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2, To investigate the nossibillty of correlating the relationshxps
between volumetric efficiency aud inlet and exuaust presuures. ' ‘

3 To detemmine the effect on volumetric efflciencv of changing the
crank angle at which the 1nlet valve cloped,

Lk, To determine the effect on voivmetrlce efflciency of changing
valve overlap.

The tests were made at ths Sloan Laboratories of the Massachusetts
Institute of Technology under the sponsorenip and with the financial
assistanse of the Netional Advicory Committee for Aeronautics.

DESCRIPUTION OF APPARATUS

Engine

A CFR single—cylinder engine of 3.25-inch bore and U, 5—inch stroke
wag used., This engine was the same as that described in reference 1
except that a special cylinder wag used which did not require the use of
an aluminum spacer between cylinder and cylinder head. This engine wes
connected to an electric cradle dynemometer, the setup being conventional
except as noted in the following discussion, o

Inlet System

‘Alr supplied to the engine was taken from the laboratory compressed
alr line and passed successively through a sharp—edge orifice ‘installed .
in a pipe in saccordance with the apecifications of reference 2, a pulsa~—
tion damper consisting of two 20~gallon tanks connected in series through
a restriction, a throttie valve for controlling inlet pressure, a heated
veporizing tank, and a large, short intake pipe leading to the engine.

The fuel, exhaust, cooling, and lvbrications systems. remained the
seme as described in reference 1.

Camshafts

The camshafts were of the seme genersl design as the one used in
reference 1, Cne of these, Camshaft 2 in figure 1, was the camshaft - .
used in reference 1. The remeining six camshafts shown in figure 1 had
different timings. When a given cam hiad a longer or shorter duration
than the cams of Shaft 2, its profile was developed by expanding or
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contracting each angular increment of the curve of 1ift against cam angle,
according to the total duration of valve opening required. Note that
there is one series of three camshafts with 60° overlap and varisble in—
let cloging angle, -another series with substantially no overlap and vari-
able inlet closing angle, and a third series in which the inlet valve
closes at 60° A.B.C., and the exhaust valve opens at 60° B.B,C., but with
overlaps of 90°, 60°, and 6°. The actual cam lift was constant in all
cases, and velve lift was varied by means of rocker—arm adjustments as
explained in weference 1.

Valves

The valves used were the large (Dy = 1.05 in.) and small
(Dy = 0.830 in.) inlet vaives of the gecmetrically similar series in

reference 1. The exhaust valve was standard CFR exhaust valve, which is
larger than the large inlet valve. The two inlet valves had identical

flow ccefficients at a given lift—diameter ratio. The method of dotermining
these steady-flow coefficients is described in appendix A.

Meaéuring Instruments

All measurements were made in the menner described in reference 1
except that torque was measured by a hydraulicaelly balanced piston and
mercury mancmeter, instead of by beam scales, and air was measured by a
sharp-edge orifice installed in a pipe instead of on an air box. Pressure
drop across the orifice was measured with an NACA micromeanometer filled
with distilled water.

" Indicated horsepower was calculated from indicator diagrams made with -
the M.I.T. balanced-diaphregm high-speed indicator.

'PROCEDURE '

The air capacity of the engine vas carefully measured over a speed
range from 500 to 3600 rpm, with the exception of tests made with Cam-
shafts 4, 5, and 6, which were run only to 3200 rpm becsuse of exhaust-—
valve jumping resulting from the short exhaust duration of these cams.
Fuel-air ratio was held constant, and spark advence was adjusted to best
power for each condition. The following table shows which engine con—
ditions were held constant and which were varied, and the specific values
or range of values are indicated. - ' ‘
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Engine quantities that were held constent:

Inlet-mixture temperature, OF vt e v i e e e e e e e e e 120
Fuel-air ratio. « o« v v v v 2 v v v vie v 0 v i e e e s e s o . 0,078
0i1 temperature, OF . . . ¢ o v v v v 4 4 v o v s s o v o o o 4 . o w160
Jacket~water—outlet temperature, oF . . . T e o)
Inlet~valve running clearance, in . . , . . . « v ¢ + « « « +« . . . 0.010
Exhaust-valve running clearance, in . . . , . . . . + « « . . . . . 0,010
Compression ratio . v v v v v v v i s w b e e s e e e e ., e B9

Engine Qu@ptities that were varied:

Engine speed, YPM « « v v v ¢ ¢ v 4 4 6 4 v 4 e 4 e . o o e « 500 to 3600
Inlet-valve and lower—inlet-port d¢ametef, in ., . . . .« . 1.050 and 0,830

Inlet-velve 1ift, in . . . . . . . . . .. . .. . . .. 0.262 and 0.208
Inlét pressure, in.-Hg =¥ T « « 30 and 40
Exhaust pressure, in. Hg abs. . . . . . + v v « & < e 30 20 and 10
Spark advance . . . . e v e s s e s 4 s e e . o Always bsst power
Inlet— and exhauatmvaive timlng e v e e v s e s o o o See timing diagrams
in fig. 1.

TESTS

‘With each of tha gaven camshafts shown in figure 1, a series of nine
rung was made. ' This series consisted of three runs with each of the fol-
lowing arrangementq of inlet~valve dlemoter aﬁd llft'

Dy L
(in.) (iaf)
1.05 0.262
1.05 .208
830 .2C8

With each diameter—liftrcam combination, runs. of eight or nine points
each over a speed range were made with each of the ;ol?ow1nc 1nlet~ and -
exhaust~preseure comblratlonS' - o

P3 ©

) e
(in. Hg 4 L ' (in. Hz
_abs.) | . sbs.)
30 _ 20
10 20

N

Lo 10
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DISCUSSION OF RESULTS

Data obtained with Camshalft 1 are presented in table I, which lists
the speed, air flow, volumetric efficiency, brake and indicated horse—
power, and ' ¢ for the tests. The vaerious graphs discussed in this sec—
tion are derived from this data and similar data obtained with the other .
camshafts. ,

Figures 2 to 22 show that for any particular valve timing and inlet—
and exhaust—pressure combination, volumetric efficiency e 1s a function

of ¢, vhere
.‘[f_ (?2)2 _.f__J
¢ \Dy/ " Cay.

over a wide range of values of this parameter. This range'of values. vas
obtained by changing 8, Dy, and valve 11ft. Both D, .and valve 1ift

affect C

Over a large range of change in valve timing and inlet and exhaust
pressure, the volumetric efficlency remsins a functicn of the pareameter
¢, although a different function for each timing and pressure combins—
tion. One underlying reason for these correlations would seem to be that
the Inlet valves used for these tests have substantially similar curves
of flow coefficient againet crank angle (fig. 23). These curves being
gimilar, the ratio of the average flow coefficient Cav"'(prcportional ‘o

the area under each curve of fig. 23) to the flow coefficient at a given
1ift Cz is congtent at eny particular crank engle. It should be pointed

out that if the engine had been operated with inlet~valve 1ifts which re—
sulted in greatly dissimilar curves of Cj3 agalnst crank sngle, the

correlations in figures 2 to 22 might have been less successful,

Figures 24 to 30 utilize the curves which were drawn through the
roints of figures 2 to 22, ZEach figure demonstrates the effect on
volumetric efficiency of changing inlet and exhaust pressures with a
particular valve~timing srrangement, An interesting feature of these
curves is the rise in volumetric efficiency at low velues of ¢. This ...
rise is especlally noticeable in the cases of figures 24, 25, 26, and =
30, which were obtained with considerable valve overlep.

When there is high inlet pressure and low exhaust pressure, some
of the fresh charge is blown through the cylinder and out the exhaust
port., Presumably, the amount blown through per unit time is substantially
independent of engine speed. Therefcre, if the engine were run at extremely
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low speed, the quantity of cherge passing through the cylinder during the
overlap period would be a large portion of the total flow, and the volu—
metric efficiency would approach infinity when the speed reached zero.

Some rise in volumetric efficiency at low speed is noted even for
operation with inlet pressure equal to exheust pressure. This rise 1s
probably due to the ejector effect of the exhaust gases. The inertia of
the rapidly moving exhaust gas at the end of blow-down may cause & low
pressure of the residual exhaust gas and a consequent influx of fresh
cherge during the overlap period. Such an improvement in scavenging will
result in increased volumetric efficiency, and the improvement would in-
crease with decreasing speed, as indicated by the curves in question. A
small amount of exhaust back pressure would overcome this effect, and
volumetric efficiency would then remein constent at low speed or even de~—
crease if the back pressure were lerge enough to produce reverse flow
during the overlap periocd. This sensitivity to inlet and exhaust pres—
sures at low speeds when pe/bi = 1 was s0 pronounced in the case of

Cemsheft 7 (90° overlap) that it was impossibdle to control the pressures
with sufficient accuracy to permit precise volumetric-efficlency measure~
ments below ¢ = 0,hks, Consequently, the results of such measurements are
not plotted.

' In an attempt to.obtain a theoretical explanation for the effects of
inlet and exhaust pressures on volumetric efficiency, the following simple
analysis, suggested by Professor E. S, Taylor, was used:

A "square" pumping loop for an ideal ailr cycle is assumed as shown
in figure 31, A thermodynamic "system" is chosen which consists of all
the charge that will eventually be found in the cylinder at the start
of compression. Ae the initial conditlon, the end of the exhaust stroke
is chosen. The exhaust valve is assumed to be closed at this point, end
the pressure in the cylinder is assumed to be exhaust pressure. The end
of the suction stroke is taken as the final condition and the inlet valve
le assumed to be closed at this point. If it is assumed that the pressure
in the cylinder during the entire piston stroke is equal to the inlet pres—
sure, the first law of thermodynamics for the inlet process can be written
as follows:

- | e - .
T, + My)Ey — IME, ~ IMB, = p,Vy - By (Vl' - ":’E") Q)

According to the relations for a perfect ges,

M
V= n RT‘



8 NACA TN No. 1366

Since R = Ju(C, —C;) end E = C.T,

It thls value is substituted in equation (1), the following result is
obtalned

o 2l o .

k-1 kf‘*l k_‘"‘l r
- , i, : Py ,
v N .
Vl'"-;%' k(rwl)

The ratio of the volume of fresh alr at inlet condition Vy to the

. N . v . e . .
displacement volume Vi - = of the cylinder is called volumetric effi-
ciency. r

i T (m).
‘e' :’.l - "

-1

where ® d0al 18 thé voluﬁetric éfficiency for the ideal air cycle., It

will be noted that this expression.makes no attempt to account for the
effects of valve overlap. ,

The foregoing snalysis may be compared with that glven on pages
234235 of reference 3, (See also equation (52), page 246, reference 3.)
It will be observed that the present analysis. involves s*mpler assumptions
and gives a simpler result. If 1.5> Pe/Pi.> 0.5, the foregoing equation

glves substantially the same result as equation (52) in reference 3. If
1.5< Pe/Pi‘< 0,5, the equation gives & slightly smaller correction than

equation (52) reference 3.

A quantity called the ad justed volumetric efficlency is obtained by
ldividing the actual volumetric efficilency obteined from a test by the
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corresponding 1deal volumetric efficiency; that is, adjusted volumetric
efficlency = e/eideal° Figures 32 to 38 show the result of applying

this procedure to the curves of figures 24 to 30, The curves for opera~
tion with inlet pressure equal to exhaust pressure. are unchanged,. since
©jdesl = +; dub the ordinates of the curves for operation with values of

pe/bi < 1 are decreased. In the cases in which there was no valve over-—

lap (figs. 35 to 37), this correction is more successful at low speeds
than at high speeds, -At ligh speeds, the curves are overcorrected, This
overcorrection occurs because at high’ values of § the actual’ pumping
loop departs seriously fram the square looy assumed in the analysis.

Wigures 32 33, 3h end 38 show results of operating with valve over—
lap. In these cases, adjusted volumetric efficiency gilves a falrly good
correction at high values of ¢ because the effect of scavenging of the
clearance space during the overlap period approximately offsets the effect
of the departure of the pumping loop from the squasrs form. The succese of
the correction appears, therefore, to be fortuitous, At low values of
-the pumping loop is more nearly square, but the effect of scavenging. during
the overlap period is’ much larger. T?e correct;on is therefore too small.

Figures 39 and ho show the effect of varying the inlet-valve closing
engle on the volumetric efficiency of the engine. Curves are drawn for
three values of @, as well as for three inlet— and exhaust-pressure
‘combinations. At low values of § (low gas velocities), late inlet-valve
closing reduces volumetric efficiency because part of the fresh charge is
pushed back into the inlet port by the rising piston. At high values of
#, however, volumetric efficiency is improved by late inlet closing be—
cause the pressure in the cylinder vemains lower than p; for a con—

siderable time efter bottom dead center. This lowered cylinder pressure
is due to the high pressure drop acrose the inlet valve accompenying -
high velues of . These tremds are not affected by inlet or exhaust
pressures or by wvalve overlap.

Figure 41 is 8 photograph of a turee—dimensional model 1llustrating
the relationships between volumetric efficilency, the parsmeter @, and
the crenk angle at which the inlet valve closes, The lines which appear
on the upper surface -are contours of congtant volumetric efficiency.
This perticular model shows the relationships with. P, = Py = 30 inches

of mercury sbsolute for camshafts with 60° overlap. However, the general

character of the surface is not changed by overlap or inlet and exhaust
pressures, as can be deduced from figures 39 and ko,

Figure 42 shows the indicated horsepower computed from indicator
disgrems plotted ageinst air flow for 8ll combinations of Pys valve size

and 1ift, and valve timing. The plotted points include resulte obtained at
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three different speeds for each combinestion, namely 500, 2000, and either
3200 or. 3600 rpm. The group of points near the origin are all for 500
rpm. The points corresponding to the other speeds are not segregated.

Figure he ehows that at 500 rpm the 1ndicated specific alr consump—
““tion s ‘relatively high for all camshafts, perhaps because of high rela—

. tive heat losses, - At the higher speeds the specific alr consumption
obtained with Camshaft 7 (90° overlap) is high in nearly all instances,
and the points obtained with Camsheft 3 are likewise high. The increased.
"specific air consumptlon_when the engine is operated with large overlap
is probably due to loss of fresh charge during the overlap periocd. The
reason for the increase in specific air consumption during operation with
.. Ceamshaft 3 .is not clear. :

“7'ccmcnUsIoms h

_ An investigation was made ‘at the Massachusetts Institute of Technology
“with a CFR engine o determine the effect of inlet~valve capacity, inlet
and exhaust pressure, and valve timing on the volumetric efficilency at
various speeds._ Resul. tg fram thege teste Indicated that:

1. The variation of volumetric ei fidiéncy reeﬁlt“ﬁg from changes in
inlet~valve size and 1ift can be expreseed as a function of the perameter
g, defined as follows:

piston speed X piston area

-

sound velocity x inlet-velve srea X avexage fLOW coefficient

This is true for each of the Eﬂ combinations of inlet nressure, exhaust
pressure, and valve timing whicliwere 1nvest1gated

» 2. The varlation of volumetric eff101enCJ resulting from changes in
inlet and exhaust pressures’ cannot be ‘expressed as a function of exhaust
pressure p_ S and inlet pressure Pi alone, out depends also upon other

variables, includlng $. and probale the sbape of the curve of valve :
flow coefficlents -againgt crenk angle. . o

- 3. Closing the- inlet valve late resulted in lmproved volumetric
efficiency at high values.of ¢ -and reduced volumetric efficiency at-
low values of thig. parameter.  .This effect was the same for the three
inlet— and exhaust-pressure combinatlons tested and changlng the valve
] overlap did not alter this trend ' =
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L, Increasing the valve overlap resulted in improved volumetric effi-
clency when the engine was opersted at values of pe/bi < 1. The effect
was more marked at low values of (.

5. Indicated specific air consumption was very nearly constant over
most of the upper range for all the tests excepnt those in which the engine
wes operated with 90° A.B.C. inlet-valve closing and 60° valve overlap, or
with 60° inlet-valve closing and 90° overlap. For these tests the in-
dlcated specific alr conswmption was scmevhat higher.

6. Indicated gpecific alr consumption was high at 500 rom in all

tests, even those without overlep.

Magsachusetts Institute of Technology.
Cambridge, Mase., May 4, 1945,
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APPENDIX A

METHODS (F TETERMINING FLOW CCEFFICIENTS FOR STEADY FLOWY

The Flow Coefficient

The steady-~flow coefficient for poppet valves ‘as defined herewith has
been developed to serve as a basis upon which to ccmpare various valve and
port cembinations (references 4 to 7). The flow coefficient is an inverse
measure of the resistance to flow through the valve and port at a given
1ift. . '

In determining the flow coefficient, a constant preseure drop is
created across the valve end the rate of mass flow measured., For the low
pressure drop usvally used (10 in. alcohol), the flow coefficient 1s de~—
termined from the equation:

M, = Ay Cy /20y Bpy
in which the flow coefficient C; at s given 1ift is the only unknown.

The flow coefficient is based upon the nominal valve area ﬁ Dvg.

Changes In the actual area of the valve opening as the valve 1s 1lifted
are reflected in the flow coefficilent.

In order to meke possible the comparison of velves of different
diemeter, it is neceassary to compare the flow coefficients on the basis
of a nondimensicnal parameter, in this case L/Dv. For valves of wvarying

diameter but geometrically similar design, the flow coefficient is the same
for a given value of L/Dv. In the steady~Tlow tests made for the present

report a geries of lifts was selected for esch valve o that the flow co-
efficient was determined at intervals of 0,05 L/Dv frem O to 0.35.

Figure 43 shows the apparatus used.

The selection of the dismeter upon which the valve area and the L/Dv

retio are based is optional. In this case the minimm contact diameter
between valve and seatb Dy was used. Any other characteristic dimension

could be used in place of D, for example, the outside dismeter of the

valve. When different valves ave compared, however, it is necessary to use
the same clharasitersistic diamesor.

- ——
Adaptsl Trom reference 1. Scme of the symbols, together with the
reference numbers, have been chenged to conform with the present report.
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The flow coefficient of the valve at a given L/D, 1is caiculated

from the measurement made with the previouslv described apparatus by the
following convenient formula, developed in reference 7 by equating the
air flow through the metering orifice to the air flow tbrough the valve.

M =Ao Co 4’200 ¢@04= Av Cl”/2ov A‘PV

a
and
Ay Co Aﬁpo
Cy = momemm [ e
Av Opy

provided Po = Pys which‘is equivalenf'to having Apb <= ?o;

Intermittent Flow

The curve of C; against L/D, calculated by the methed Just de—

scribed is obtained under steady-flow conditions. In the intermal-ccmbustion
engine the flow is intermittent. The application of steady—flow results

to intermittent conditions wes at first questioned (reference #), but the
validity of its use wae later established by Waldron (reference 6); Waldron's
teste, Lowever, were run st a speed rangs of 130 to 12C0 ypm. The validity
of the application of the steady-~fiow coéfficilents to intermittent condi-
tions at the highest crenk speede used here has not been established. The
success of the correlation of the engine test data indicates, however, that
the steady~-flow cosfficient is very ugseful, whether or not it is an accurate
measure of the coefficient in actusal 1n+ermittent flow.

The Aversge Flow Cecefficient

The average flow coefficient used in the correlation of data is de~—
fined as:

n
1
Co == | Cyad5
A )
av 60 JO :

where 0, 1s the number of crank degreee during which the valve is open,

and Cl 1s the flow coefficient correspending to a given lift,
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The average flow coefficient was determined in the following manner:
First, the valve-lift curve was obtained from the cam profile and the
rocker~arm ratio. From the curve of flow coefficient against 1ift~
%iameter)ratio it was then possible to plot a curve of Cz egainst @

fig. 23 ,

The ares under this curve was then measured with a planimeter, and
the average flow coefficlient C,, was obtained by dividing this area by

the length of the sbecissa 8, and multiplying by a scale factor.

eideal

- APPENDIX B

area
velocity of sound in inlet sir

aversge flow coefficlent of inlet valve (See appendix A.)
flow coefficient of inlet valve at a given 1ift (See appendix A.)
referénce orifice ccefficlent in flow test (See appendix.A.)

specific heat at constant pressure

specific heat at constant vo]ume

0.D, of piston

diameter‘of‘minimnm contact between inlet valve and seat
Mg )

volumetric efficiency of ideal air cycle

internal snergy per vnit mass
function of terms in drackets

mechanlcal equivalent of heat
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C
k adiabatic ccmpression exponent ( 52 >
v

L Inlet-valve 1ift ‘

'm moleéular weight (29 for air)

M mags ’ |

bMa time fate of airnflow, mess /unit time
N  rotational speed of crankshaft

P pressure

r ccmpression ratio
R - universal gas constant .

8 = 2 X stroke X N, average piston speed

T  abgolute temperature
v volume
v, cylinder displacement volume
o] density
2
D 1

g = s <:~Ei> —_—

[ va Cav

6 crank angle, deg

8o crenk angle during which valve is open, deg

Subscripts:

1 beginning of compression for ideal air cycle (See fig. 31.)
] exhaust pipe conditions

1 inlet pipe conditions

r residual gas

reference orifice in the flow test
v inlet valve in the flow-test equations
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TABLE I.— RESULTS OF TESTS FCR CAMSHAFT 1

[Tnlet-valve diemster, 0.830 in.; nlet—valve 1ift, 0.208 in.; Cypy 0.445]

_ Speed | Alr flow | Vol. eff., o ‘
(rpm) (1b/sec) ) bhp ihp ¢

Py = 30 in. Hg; pg = 30 in. Hg

500 0.00581. 0,939 2.37 © 2.8k 0,1825
800 ~, 00903 - L,911 3.81 , L2992
1200 :. 01305 .878 5.62 438
1600 L0162 - .817 6.75 .58k
2000 .0183 - .738 7.60 ;11.09 .730
2400 .0166 - .659 - T.ho : 876
2800 ..0201 .580 7.17 01,021
3200 |, .0203 . | .:..512 | 6.k b 1.169 .
3600 ,0215 . L8 5.75 12.89 1.313

Py = 40"in. Hg; p =20 in, Eg '

500 0.0C895 .1.082 3.99 C k.33 0.1825
.8co L0135 :1.020 6.50 S .292
1200 . 0L9k5 981 | 9.55 - .h38
1600 +,02L5 526 | 1l2.C0 C - .584
2000 ..0283 856 | 13.32 16,46 .730
2400 .02¢8 L 75L 13.55 , .876
2800 . 0305 ©.659 13.10 , S1.021
3200 . .0312 L9590, 12.30 | . .1.169.
3600 .0328 1 .55L ~11.68 - 19.65 1.313

'pi': 40 in. Ba; P, = 10 in. Eg

500 0,00925 1.120 o7 4, 4o 0.1825
800 L0143 1.081 | 6.8 ‘ - T.292
1200 *, 0200 1.000 | 9.90 ‘ ' 138
1600 . 0252 953 12.50 .58k
2000 .0289 . .87 | 13.72 16.80 . 730
2400 . 0301 LT59 13.80 876
2800 ,0305 - ©.659 | 13.32 1.021
3200 . .0312 . .590 - 12.30 : b 1.169
3600 .0335 .563 12.10 19.45 -1.313

NATTONAL ADVISCRY COMMITTEE
FOR AERONAUTICS



18 NACA TN No, 1366

| QABLE I.— Contifiued

[Inlet-valve diameter, 1. 05 in.; .3 inlet—valve 117%, 0.208'in.; Cpys 0.365]

Speed . |.. Atr flow| Vol. eff., | | -
(rpm) (1b/sec) | e © bhp |- imp f, . o f
Py = 30 in. B P, = 30 in. Hg
500 0, 00586 0. 9&6 ' 2.38 . 2.8k 0.1392
800 .0C893 .90L - . 3.85 { ‘ .223
1200 - . 0133 .Bgh 5.79 ' o .33k
1600 - LOLTL: .862 - . 9.k : ' s
2000 © ;. 0207 835 8.85 12,21 55T
2400 0234 . 787, © o 9.50 : : .669
2800 ‘.0o2k6 L.T709 i 9.57 ‘ - - .780
3200 - ,0255 . ?.6&3 . 9.09 ; o © 891
3600 " | L0260 <} - 583 . 8.28 | |, 16.00 1,002
. pg.= RO ;;1. Hg; Py = 20 in. Hg
500 0.009 1.090 3.91 - 1 0.1392
8co 0138 +1.0k3 6.52 f e .223
1200° | . .02005 ‘1.0 9.87 | o . .33%
16C0° L0257 972 | 12.90 - - Wbbs
2000 - .0308 932 . 1 1k.50 ! . 18,20 © 557
2h00 . 0343 .865 1 15.83 : : 669
2800 | . .0363 |} 7185 ) 16,09 ) - B . .780
3200 L0376 .710. 415,61 | o © .89
13600 f 0399 - | .670 4 .15.50 |7 23.75% f 1. 002
Py = _hO in.'Hg; P, = 10 in, Hg
500 - 0,00928 1.122 | k10 | W35 - 0.1392
800 ©.01las 1.070 6.7 | 1 .23
1200 C,0205 S 1.03%, | 10.26 | .33k
1600 L0264 r.998 13.38 | o Jhhs
2000 L0317 > I 15.05 | 18.90 S .857
2koo .0351 © .88 16,13 {1 - C 669
2800 - L0367 ©LT93 16,25 | R ; 780
3200 | .0379 LT L 15075 ' : , 891
3600 | -.0399 .| . _.670 15.62 | 24,20 . 1,002 -

NATICNAL ADVISCRY CCMMITTEE
PCR AERCNAUTICS



NACA TN No, 1366 _ 19

TABLE I.~ Concluded

[Inlet-valve diameter, 1.05 in,; inlet-valve 1ift, 0.262 in.; Cpy, 0.U445]

Speed Alr flow Vol. eff.,
(xpm) (1b/sec) e bhp " ihp ¢

Py = 30 in. Hg; Py = 30 in. Hg

500 0.00586 0.946 2.37 2,84 0.11k2
-~ 800 00885 .893 3.64 ,1828
1200 ,01295 871 5.38 2Tk
1600 L0172 868 7.20 .366
2000 .0215 867 9.09 12.60 s
2400 L0248 .83h 10.22 .548
2800 L0270 L7718 10,78 640
3200 .0288 726 10,70 .T31
3600 .0300 673 9.94 18.25 | .822
Py = L0 in. Hg; P, = 20 in, Hg
500 0.00899 1,088 3.85 4,25 0.11k2
800 .0Lkos 1.062 6.40 .1828
1200 0204 1,029 9.88 -y
1600 .0265 1.002 12.80 .366
2000 .0330 .999 15.80 19.70 RLY
2400 - ,0382 . 663 17.95 548
2800 .0l18 .503 19.02 640
3200 .Ohlis Bhz 19,48 .731
3600 .Ohé2 1T 18.80 28,00 .822
Py = 40 in. Hg; p, = 10 in. Hg
500 0.,0093 1.128 k., Ok 4,28 0.11b2
800 .OL42 1.073 6.66 .1828
1200 .0207 1.043 10.25 27k
16C0 L0271 1.025 13,38 - .366
2000 L0337 1.020 16.50 19.70 sT
2400 .0389 .980 18.48 .548
2800 Lolos .918 19.50 640
3200 L0450 .851 19.60 .731
3600 067 .785 19.10 28.60 822

NATIONAL ADVISCRY CCMMITIEE
FOR AFRCNAUTICS
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Figure 1.- Timing é‘f‘ii@.grams for the camshafts used in the tests.
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cam
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2 A N
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Figure 2.- Volumetric efficiency a

gainst $. Camshaft 1; py = 30,
Pe = 30 inches of mercury.
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CAM |
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Figure 3.- Volumetric efficiency against $. Camshaft 1; py = 40,
Pe = 20 inches of mercury.
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CAM |
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Figure 4.- Volumetric efficiency ag
Pe = 10 inches of mercury.

ainst @#. Oamshaft 1; py = 40,
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CAM 2
1.4. : 1.6. 30° BTC. E.C. 30° ATC.

L

1.C. 60* ABC. E.O. 60° B.B.C.
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&g ogF 2o
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Figure 5.- Volumetric efficiency against §. Camshaft 2; py = 30,
Pe = 30 inches of mercury.
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CAM 2
1.0, 30°* BT.C. E.C. 30° ATC.
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1.G. 60° ABC. E.0. 60° BB.C

8 U\O
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A 1.0% .208
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Figure 6.- Volumetric efficisncy against @. Camshaft 2; py = 40,

Pe = 30 inches of mercury.
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VOLUMETRIC EFFICIENCY

NACA TN No. 1366

CAM 2
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Figure 7.- Volumetric efficiency against
Pe = 10 inches of mercury.

@. Camshaft 2; py = 40,
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t.C. 90* AB.C. EO. 60°* B.BC.
1.0
° _a%0 o2 "SKE =
ﬁA_g_A/ccrA'D’ T \
o
6 5
INLET-VALVE INLET=VALVE
DIAM, IN. LIFT, IN.
4
(o] .830 .208
faY 1.05 .208
(m} .05 .262
2 : NATIONAL ADVISORY COMMI’I‘TEE__
FOR AERONAUTICS
[o}
o] 2 4 6 .8 1.0 i.2 t.4

Figure 8.- Volumetric efficiency against @. Camshaft 3; py = 30,

Pe = 30 inches of mercury.



VOLUMETRIC EFFICIENCY

28 NACA TN No. 1366
cCAM 3
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1.4 [‘
1.C. 90* AB.C. EO. 60° B.BC.
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Figure 9.- Volumetric efficiency against @. Camshaft 3; pj = 40,

Pe = 20 inches of mercury.
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Figure 10.- Volumetric efficiency against $. Camshaft 3; p; = 40,

Pe = 10 inches of mercury.
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VOLUMETRIC EFFICIENCY

NACA TN No. 1366

cam 4
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Figure 1ll.- Volumetric efficiency against @. Camshaft 4; p; = 30,

Pe = 30 inches of mercury.
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Figure 12.- Volumetric efficiency against ¢. Camshaft 4; Py = 40,
Pe = 20 inches of mercury.
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Figure 13.- Volumetric efficiency against @#. Camshaft 4; py = 40,
Pe = 10 inches of mercury.
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Figure 14.- Volumetric efficiency against §. Camshaft 5; py = 30,
Pg = 30 inches of mercury.
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Figure 15.- Volumetric efficiency against @§. Camshaft 5; py = 40,
Pe = 20 inches of mercury.
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Figure 16.- Volumetric efficiency against @. Camshaft 5; py = 40,
Pe = 10 inches of mercury.
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Figure 17.- Volumetric efficiency against §. Camshaft 6; py = 30,

Pg = 30 inches of mercury.
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Figure 18.- Volumetric efficiency against @. Camshaft 6; py = 40,
Pe = 20 inches of mercury.
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Figure 19.- Volumetric gfficiency against @. Camshaft 6; py = 40,

Pe = 10 inches of mercury.
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Figure 20.~ Volumetric efficiency against @. Camshaft 7; Py = 30,

4

Pe = 30 inches of mercury.
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Figure 21.- Volumetric efficiency against @. Camshaft 7; py = 40,
Pg = 20 inches of mercury.
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Figure 22.- Volumetric efficiency against @. Oamshaft 7; py = 40,

Pe = 10 inches of mercury.
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Figure 24.- The effect of inlet and exhaust pressures on volu-
metric efficiency. Curves are those appearing in
figures 2, 3, and 4.
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Figure 25.- The effect of inlet and exhaust pressures on volu-
metric efficiency. Curves are those appearing in
figures 5, 6, and 7.
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Figure 26.- The effect of inlet and exhaust pressures on volu-

metric efficiency. Curves are those appearing in
figures 8, 9, and 10.
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Figure 27.- The effect of inlet and exhaust pressures on volu-
metric efficlency. Curves are those appearing in
figures 11, 12, and 13.
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Figure 28.- The effect of inlet and exhaust pressures on volu-

metric efficiency. Curves are those appearing in
figures 14, 15, and 18.
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Figure 29.- The effect of inlet and exhaust pressures on volu-
metric efficiency. Curves are those appearing in
figures 17, 18, and 19.
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Figure 30.- The effect of inlet and exhaust pressures on volu-
metric efficiency. Curves are those appearing in
figures 20, 21, and 22.
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Figure 31.- "Square" pumping loop assumed for ideal air cycle.
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Figure 32.- Volumetric efficiency curves of figure 24 corrected
for the effects of inlet and exhaust pressure.
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Figure 33.- Volumetric efficiency curves of figure 25 corrected
for the effects of inlet and exhaust pressure.
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Figure 34.- Volumetric efficiency curves of figure 36 corrected
for the effects of inlet and exhaust pressure.
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Figure 35.- Volumetric efficiency curves of figure 27 corrected
for the effects of inlet and exhaust pressure.
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Figure 38.- Volumetric efficiency curves of figure 30 corrected
for the effects of inlet and exhaust pressure.
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NACA TN No. 1366

ADJUSTED VOLUMETRIC EFFIGIENGY

0d

1.0.

CAM 5
3* B.T.C. EC. 3* ATC.

60° ABC. £.0. 60° BB.C.

/

NN

N\ ~

Py= 40 in. Hg\

Pe= 10 in. Hg

NN
\\\\\::: P4 40 in. Hg

Pe= 20 in. Hg

2 NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

Figure 36.- Volumetric efficiency curves of figure 28 corrected

for the effects of inlet and exhaust pressure.
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Figure 37.- Volumetric efficiency curves of figure 29 corrected
for the effects of inlet and exhaust pressure.
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Figure 41.- Model showing effect of inlet-valve closing on

volumetric efficiency at several values of ¢
Pe = pi = 30 inches of mercury absolute. Valves have ©60°
overlap.
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